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TUNABLE PASSIVE VIBRATION
SUPPRESSOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application is related to and claims the benefit
of the following commonly assigned U.S. Patent Applica-
tion: U.S. Patent Application No. 61/711,051, titled "A
Granular Media Based Tunable Passive Vibration Suppres-
sor with Self-Contained Mechanism for the Application of
Static Compression," filed on Oct. 8, 2012, which is incor-
porated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

The invention described herein was made in the perfor-
mance of work under a NASA contract, and is subject to the
provisions of Public Law 96-517 (35 USC 202) in which the
Contractor has elected to retain title.

BACKGROUND

1. Field
This disclosure relates to shock and vibration suppression

devices based on granular materials and mechanisms incor-
porating such devices. More particularly, the present disclo-
sure relates to mechanisms and methods for vibration and
shock suppression which combine conventional dissipative
vibration protection mechanisms with a dispersive vibration
filtering mechanism originating from the dynamics of a
statically compressed granular medium.

2. Description of Related Art
Problematic and potentially damaging or dangerous

impacts, shocks, and vibrations can be encountered in a
variety of real life scenarios and engineering endeavors.
Multiple devices and methods are known in the art for
mitigating these undesired vibrations, where the devices and
methods incorporate viscoelasticity, microscopic and mac-
roscopic thermal energy dissipation, layered media com-
posed of soft and hard materials, energy redirection, and
active control. Specific devices include sand bags, automo-
tive shock absorbers, rubber and plastic cell phone casings,
and body armor. Such devices and methods have been highly
successful to a point and are well understood.

For many aerospace applications, vibrations at low fre-
quencies (acoustic and below) can be particularly problem-
atic. Dispersive media known in the art, based on linear
contact laws, when operated at such low frequencies, tend to
have extremely large mass and system size or be too soft and
have little load bearing capacity. Therefore, there exists a
need in the art for vibration suppression systems and meth-
ods that will provide for operation at low frequencies and
overcome the limitations of systems and methods currently
known in the art.

SUMMARY

Described herein is the design of a tunable shock and
vibration suppression device composed of statically com-
pressed chains of spherical particles. The vibration suppres-
sion device superimposes a combination of dissipative
damping and dispersive effects. The dissipative damping
results from the elastic wave attenuation properties of the
bulk material selected for the spherical particles, is inde-
pendent of particle geometry and periodicity, and can be

2
accordingly designed based on the dissipative (or viscoelas-
tic) properties of the material. In one example, polyurethane,
a type of viscoelastic elastomer is used. Viscoelastic elas-
tomers often exhibit broadband dissipative damping. See,

5 for example, Nashif, A. D., Jones, D. I. G., Henderson, J. P.,
"Vibration Damping", Chichester, N.Y., John Wiley and
Sons, 1985, pp. 82-84. In contrast, the dispersive effects
result from the periodic arrangement and geometry of the
particles composing the chain. A uniform (monoatomic)

io chain of statically compressed, spherical particles will have
a low pass filter effect, with a cutoff frequency tunable as a
function of particle mass, elastic modulus, Poisson's ratio,
radius, and static compression. Elastic waves with frequency
content above this cutoff frequency will exhibit an expo-

15 nential decay in amplitude as a function of propagation
distance

Applications for the disclosed invention include use with
spacecraft in multiple operational scenarios such as launch
vibrations, pyroshock events, or continuous vibrations from

20 mechanical systems. However, the devices and methods
associated with the invention are easily transferable to other
areas where shocks or vibrations are of concern, by appro-
priately selecting material type, radii, and static compres-
sion. With the initial spacecraft application in mind, a

25 system design was developed using a combination of theo-
retical, computational, and experimental techniques to
appropriately select the particle radii, material (and thus
elastic modulus and Poisson's ratio), and static compression,
to satisfy estimated requirements derived for spacecraft

30 vibration protection needs under potential operational con-
ditions. Accordingly, a chain of polyurethane spheres which
exhibit broadband dissipative damping in conjunction with
a 1 kHz cutoff low pass dispersive filtering effect was
selected.

35 This disclosure also presents the design of a novel self-
contained method for adjustably applying (and simply
adjusting or tuning) static compression to the chain of
spheres while still transmitting vibration through the dissi-
pative and dispersive media. The dispersive filtering effect

4o described herein exists as predicted in the presence of static
compression. However, the mechanical method for applying
this compression should be decoupled from the vibration
source and payload, such that vibrations are not primarily
transmitted through the static compression mechanism and

45 around the dissipative and dispersive media. An example
described herein utilizes the solution of a soft-spring loaded
casing for the chain of spherical particles, designed so that
the first mode of the casing spring mass system is within the
pass band of the dispersive filter. Attachment points are

50 coupled directly to the first and last particle of the granular
chain, for simple attachment in between payload and vibra-
tion source. The soft coupling and low frequency first mode
of the casing ensure the vibrations are transmitted primarily
through the filtering media.

55 This disclosure describes a prototype for a single axis
vibration suppressor that was constructed and then tested,
both under high amplitude simulated pyroshock and low
amplitude continuous broadband noise perturbations. The
experimental results show high attenuation with frequency

6o response characteristics in accordance with theoretical and
numerical predictions. Tests performed at the Jet Propulsion
Laboratory (JPL) Environmental Test Lab (ETL) and at
Caltech GALCIT laboratories show over two orders of
magnitude reduction in the shock response spectra at fre-

65 quencies over 1 kHz and over two orders of magnitude
reduction in the peak accelerations for high amplitude
transient shock-like impacts. Observations also showed
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approximately 1 order of magnitude reduction in the shock
response spectra at frequencies below 1 kHz, which is
attributed to the dissipative effects of the bulk polyurethane
material. These findings are confirmed in low amplitude
continuous broadband noise experiments, by comparing the
response of the polyurethane spheres used in the system with
the response of a solid polyurethane rod.
The disclosure also presents further designs for the inte-

gration of the described single axis vibration suppressor into
a 6 degree of freedom hexapod "Stewart" mounting con-
figuration. See Stewart, D., "A Platform with Six Degrees of
Freedom", Proc. Inst. Mech. Eng, 180, 1965 for additional
description of the "Stewart" mounting configuration. By
integrating each single axis vibration suppressor into a
hexapod formation, a payload will be protected in all six
degrees of freedom from vibration. Additionally, other mul-
tiple operational scenarios, particularly in the case of high
loads, may employ the disclosed vibration suppressor
devices in parallel. The parallel application of these devices,
divides the amplitude of the incident vibrations while pre-
serving the frequency content.

Described herein is a vibration suppressor for suppressing
vibrations between a payload and a vibration source, where
the vibration suppressor comprises: a holder containing a
chain of granular particles, wherein the chain has a first
chain particle located at a first end of the chain and a last
chain particle located at another end of the chain; a first
piston having a first piston proximal end and a first piston
distal end, wherein the first piston proximal end contacts the
first chain particle and wherein the first piston distal end is
configured to couple to the payload; and a second piston
having a second piston proximal end and a second piston
distal end, wherein the second piston proximal end contacts
the last chain particle and wherein the second piston distal
end is configured to couple to the vibration source, where the
first piston and second piston are configured to adjustably
apply static compression to the chain of granular particles.

Further described herein is a method for vibration sup-
pression for suppressing vibrations between a payload and a
vibration source, where the method comprises: coupling the
payload to a first end of a chain of granular particles,
wherein the granular particles comprise spherical or near-
spherical particles; coupling the vibration source to an
opposite end of the chain of granular particles; applying
static compression to the chain of granular particles; and,
selecting particle radius and material type of the granular
particles and the static compression based on a cutoff
frequency for vibration suppression.

Further described herein is a vibration suppression system
comprising: a supporting base; a payload attachment struc-
ture; a plurality of vibration suppressors coupling the sup-
porting base to the payload attachment structure, where at
least one of the vibration suppressors comprises a tunable
vibration suppressor comprising: a holder containing a chain
of granular particles, wherein the chain has a first chain
particle located at a first end of the chain and a last chain
particle located at another end of the chain; a first piston
having a first piston proximal end and a first piston distal
end, where the first piston proximal end contacts the first
chain particle and where the first piston distal end is con-
figured to couple to the payload attachment structure; and a
second piston having a second piston proximal end and a
second piston distal end, where the second piston proximal
end contacts the last chain particle and where the second
piston distal end is configured to couple to the supporting

4
base, and where the first piston and second piston are
configured to adjustably apply static compression to the
chain of granular particles.

5 BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a graph of a simulated pyroshock input accel-
eration from the JPL ETL tunable beam.

10 FIG. 2 is a graph of a sample shock response spectrum
(SRS) from the JPL ETL tunable beam.

FIG. 3 is a graph of estimated dispersion relation and
cutoff frequencies for a 0.0391 m diameter polyurethane
sphere monoatomic granular chain under various static

15 loadings.
FIG. 4A shows an experimental setup for "dynamic"

elastic modulus characterization using a piezoelectric actua-
tor.
FIG. 4B shows an experimental setup for "dynamic"

20 elastic modulus characterization using an electrodynamic
shaker.
FIG. 5A is a graph of an FFT of transmitted force

spectrum for a 7 particle, 0.0391 m diameter polyurethane
sphere monoatomic granular chain with 10.8 N static com-

25 pression and excited by an electrodynamic shaker.
FIG. 5B is a graph of coherence between input and output

force sensors with the polyurethane monomer chain used for
the graph of 5A in between.

FIG. 6 is a graph of an FFT of transmitted force spectrum
30 for a 0.0391 m diameter steel sphere monoatomic granular

chain with 13.7 N static compression excited by a piezo-
electric actuator.
FIG. 7 illustrates a vibration suppressor.
FIG. 8 illustrates an end cap for a vibration suppressor.

35 FIG. 9 shows a parasolid model of an assembled proto-
type vibration suppressor.

FIG. 10 is a graph of calculated Bode response for a linear
spring mass system with fixed boundary conditions versus
stiffly and softly coupled free casings with parameters

40 similar to prototype experimental conditions described
herein.
FIG. 11A is a diagram of a spring mass model for "fixed"

boundary conditions.
FIG. 11B is a diagram of a spring mass model for

45 "quasi-free" boundary conditions with coupling to a large
mass casing.
FIG. 12 is a photograph of a prototype vibration suppres-

sor without additional test hardware and payload mass
model.

50 FIG. 13 is a diagram of a payload mass model (top plate).
FIG. 14 shows various views of a granular chain contain-

ment tube.
FIG. 15 shows various views of adjustable static com-

pression end caps.
55 FIG. 16 shows various views of a JPL ETL test base plate.

FIG. 17 shows various views of a vibration/payload
monomer coupling piston.
FIG. 18 shows the experimental tunable beam test setup

at the JPL ETL.
60 FIG. 19 shows multiple vibration suppressors in a hexa-

pod deployment.
FIG. 20 is a photograph of a prototype vibration suppres-

sor with a payload mass model installed for testing on the
tunable beam at the JPL ETL.

65 FIG. 21A is a graph of the input accelerations at the north
side of the base plate measured during the JPL ETL tunable
beam test.
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FIG. 21B is a graph of the input accelerations at the south

side of the base plate measured during the JPL ETL tunable
beam test.

FIG. 21C is a graph of the output accelerations at a triaxial
accelerometer mounted on top of the piston measured during
the JPL ETL tunable beam test.

FIG. 21D is a graph of the output accelerations at an
accelerometer mounted on the payload plate measured dur-
ing the JPL ETL tunable beam test.

FIG. 22 is a graph of the shock response spectra for
measured input and output accelerations on JPL's ETL
tunable beam, tested at 1.379 MPa impactor launch pressure.

FIG. 23 is a graph of the ratio of output over input shock
response spectra, for the JPL ETL tunable beam 1.379 MPa
impactor launch pressure test.

FIG. 24 is a graph comparing input to output force
coherence for the low amplitude continuous broadband
noise test at performed at the Caltech laboratory.

FIG. 25 is a graph comparing the ratio of Power Spectral
Density of output over input force for a polyurethane rod
versus a polyurethane sphere chain.

DETAILED DESCRIPTION

Embodiments of the present invention have a novel
dispersive vibration filtering mechanism originating from
the dynamics of a statically compressed granular medium.
The dispersive vibration filtering mechanism in a statically
compressed granular medium is an analogous concept to
quantized lattice vibrations, or phonons, from solid state
physics. See, for example, Kittel, C., "Introduction to Solid
State Physics (Eighth Edition)", Ch. 4, pp. 89-104, Hobo-
ken, N J, John Wiley and Sons, 2005. In solid state physics,
the atoms and interatomic potentials forming the crystal
lattice can be thought of as a multi-degree of freedom
mass-spring system. For these lattice systems, traveling
waves with frequencies outside the supported quantized
modes of vibrations, defined by the dispersion relation, are
not supported, and cannot propagate through the lattice.

Macroscopic granular media, such as the chains of com-
pressed spheres described herein, exist at the intersection of
solid state physics and solid mechanics. These uniaxially
compressed chains of spheres deform elastically, like the
springs in the previous analogy, when in contact with each
other with the nonlinear relationship defined by the Hertz
contact law. See, for example, Johnson, K. L., "Contact
Mechanics". Cambridge, UK, Cambridge University Press,
1985, pp. 84-104. Granular chains composed of elastic
spheres have been shown to support various types of non-
linear waves and vibrations. See Nesterenko, V. F., "Dynam-
ics of Heterogeneous Materials", Springer-Verlag, New
York, 2001, pp. 1-126, and Porter, M. A.; Daraio, C.;
Herbold, E. B.; Szelengowicz, L; Kevrekidis, P. G. "Highly
nonlinear solitary waves in phononic crystal dimers" Physi-
cal Review E, 77, 2009. With the addition of a linearizing
static compression, this system has been shown to exhibit
tunable band gaps and dispersion relations, similar to the
lattices from solid state physics. Boechler, N.; Daraio, C.
"An experimental investigation of acoustic band gaps and
localization in granular elastic chains" Proceedings of the
22nd Biennial Conference on Mechanical Vibration and
Noise VIB-5: Dynamics of Band-Gap Materials and Struc-
tures, Aug. 30-Sep. 2, 2009, San Diego, Calif., USA. Various
other, related, applications have been suggested based on the
reflection and disintegration of compact nonlinear pulses,
such as shock absorbing layers, pulse trapping devices, and
sound scramblers. See, for example, Daraio, C.; Nesterenko,

6
V. F.; Herbold, E.; Jin, S. "Energy Trapping and Shock
Disintegration in a Composite Granular Medium" Physical
Review Letters, 96, 058002, 2006, and Fraternali, F.; Porter.
M. A., Daraio, C.; "Optimal design of composite granular

5 protectors" Mechanics of Advanced Materials and Struc-
tures, 17:1-19, 2010.
The concept of dispersive granular media is known in the

art, but, generally, the gap between theory and its practical
application has not been crossed. Disclosed herein are new

l0 methods for such practical application, particularly with
respect to incorporation into aerospace systems.

In aerospace applications there often exists a wide array
of undesired shock and vibration sources. These include

15 vibrations due to launch, pyroshock separations, control
moment gyros, pumps, and attitude control thrusters. An
example of a pyroshock event simulated by the tunable
beam in JPL's ETL is shown in FIG. 1. Line 101 in FIG. 1
shows the simulated pyroshock input acceleration. This type

20 of shock may be particularly damaging as it is high ampli-
tude and has broadband frequency content. A common
method of interpreting transient shock data is the shock
response spectrum (SRS). The SRS is essentially how an
infinite array of single degree of freedom systems responds

25 to an arbitrary transient input. The SRS from data set
illustrated in FIG. 1 is shown in FIG. 2. In FIG. 2, line 201
depicts the positive acceleration SRS and line 203 depicts
the negative acceleration SRS. From this SRS, it can be seen
that the peak acceleration increases significantly past 1 kHz

30 and is therefore increasingly hazardous to a system or
payload.

This type of typical input was initially used to frame the
design requirements for a band gap based shock/vibration

35 spacecraft protection system composed of granular media.
More specifically, requirements were set such that the space-
craft protection system will show an order of magnitude
reduction in the amplitude of the SRS, shown in FIG. 2, for
frequencies above 1 kHz. The preloaded, multi-particle,

40 periodic array being designed for shock/vibration filtering
will be suitable for system and payload scale assemblies.
This suitability for system and payload scale assemblies
adds the additional requirement that the system be able to
re-usably withstand the forces imposed by the systems it is

45 coupled to under the estimated accelerations, and therefore
operate under the yield stress of the material. The system
must be of appropriate size (volume and mass) for incorpo-
ration into aerospace systems and have a practical method of
attachment to payload and spacecraft.

50 To design the granular media, or chain of elastic spheres,
to meet the requirements described above, the theory
described below was used. The granular media was modeled
as a chain of N nonlinear oscillators as shown in Eq. 1 below.
In Eq. 1, [Y], denotes the positive part of Y, u, is the

55 displacement of the it'' sphere (where i=[l, ... , N]) around
the static equilibrium, 6, represents the static displacement
imposed by the added static compression, m, is the mass of
the it'' particle, and A and the exponent p are coefficients
defined by a contact law. The exponent p=1.5 yields the

6o Hertz potential law between adjacent spheres. Furthermore,
for a uniform monomer chain and the Hertz contact law t
coefficient A is defined by Eq. 2 where E represents the
elastic modulus, R is the radius, and v is the Poisson's ratio
(see also Johnson, K. L., "Contact Mechanics," Cambridge,

65 UK, Cambridge University Press, 1985, pp. 84-104 or
Nesterenko, V. F., "Dynamics of Heterogeneous Materials",
Springer-Verlag, New York, 2001, pp. 1-126).
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m;u,=A[6o+u,-1-uil°-A[6o+u;— ui+il+, Eq. 1

_ ~E(R)2
Eq. 2

A 
3(1 

— 
v2)

Under the addition of a linearizing static compression to
a nonlinear system of oscillators, granular chains exhibit
tunable acoustic frequency band gaps (see, for example, de
Billy, M., Hladky-Hennion, A. C., "Experimental validation
of band gaps and localization in a one dimensional diatomic
phononic crystal' Journal of Acoustical Society of America,
122 (5), 2007). The nonlinear Hertzian contact force dis-
placement relation between two spheres in a unit cell, and
similarly the equations of motion shown and modeled in Eq.
1, can be linearized as shown in Eq. 3.

F,,i+lgA6o312+3/2A60112m ui+1) Eq. 3

This linearized approach and the introduction of a trav-
eling wave solution results in the dispersion relation shown
in Eq. 4 below and accordingly the upper cutoff frequency
for the system shown in Eq. 5. w represents the frequency,
k is the wave number, a is the length of the unit cell (or 1
sphere diameter in a monoatomic case), and R is the linear-
ized stiffness as defined as in Eq. 6.

8
attached to the static compression lever 413 at the opposite
end of the chain 400 from the applied excitations. In the
second setup configuration shown in FIG. 413, the steel
bracket 407 served as a "wall' at one end of the chain 400.

5 The other end of the chain 400 was excited dynamically by
an electrodynamic shaker 431. Static compression was
applied by an internal shaker spring within the electrody-
namic shaker 431. The dynamic force at the "wall' end of
the chain 400 was read by a dynamic force sensor 415

10 
inserted between the wall and a static load cell 421. As
shown in FIG. 413, a dynamic force sensor 415 was also
attached in between a shaker stinger 433 from the electro-
dynamic shaker 431 and the granular chain 300. The static

15 compression was measured by the static load cell 421 placed
in front of the dynamic force sensor 415 mounted on the
"wall" 407.

TABLE 1

20
Adjusted "Dynamic" Elastic

Material Modulus (GPa)

Steel 210
Polycarbonate 2.93
Polyurethane 0.42

25 PTFE 1.89

W2= (2± 2(1 +cos(ka))) 
Eq. 4

30
Eq. 5

= 2F

/3 = 
3A2/3 0/3 Eq. 6

35

An example of dispersion relations and upper cutoff
frequencies for a 0.0391 m diameter polyurethane chain are
shown in FIG. 3 for two values of static compression. In
FIG. 3, line 301 depicts the dispersion relation for the chain 40
under a static load of 1 kN and line 303 depicts the cutoff
frequency at that static load of 1 kN. In FIG. 3, line 305
depicts the dispersion relation for the chain under a static
load of 10 kN and line 307 depicts the cutoff frequency at
that static load of 10 kN. 45
To obtain more accurate estimates of the expected cutoff

frequency for use in the system design with various mate-
rials and sizes, "dynamic" elastic modulii were experimen-
tally characterized as shown in Table 1. The "dynamic"
elastic modulii were obtained by assembling two experi- 50
mental setups to align and dynamically perturb a granular
chain as shown in FIGS. 4A and 4B. Both setups consisted
of a monoatomic granular chain 400, composed of various
material spheres 401 (depending on the particular test)
constrained to a 1 dimensional configuration by two Teflon 55
coated steel bars 403 forming a track. The first setup
configuration shown in FIG. 4A was used to test higher
stiffness, lower dissipation materials, where lower displace-
ments are required, and the second was used for softer more
dissipative materials. In the first configuration, a piezoelec- 60
tric actuator 405 was mounted on a steel bracket 407 at one
end of the chain 400. At the other end, static compression
was applied by a hanging mass lever system 411 with a static
compression lever 413. The static load was estimated based
on geometry and the applied mass, and also calibrated by a 65
static load cell 421 which was then removed. The dynamic
force was measured at by a dynamic force sensor 415

In both cases, low amplitude broadband noise with fre-
quency content throughout the frequency region of interest
was applied. The dynamic force response was analyzed with
a Fast Fourier Transform (FFT) and a discrete magnitude
squared coherence estimate, and thus measured the spec-
trum. FIG. 5A shows the dynamic force output spectrum
with line 501 and FIG. 5B shows dynamic force input-output
sensor coherence with line 503 for a 7 particle, 0.0391 m
diameter polyurethane chain, with a static compression of
10.8 N using the shaker configuration shown in FIG. 4B.
FIG. 6 shows the dynamic force output spectrum for a 7
particle, 0.0391 m diameter, grade E52100 steel chain, with
a static compression of 13.7 N using the piezoelectric
actuator configuration shown in FIG. 4A. From these spec-
tra, the cutoff frequency of the monoatomic granular chain
was estimated. Using Eqs. 2, 5, and 6 above, a "dynamic"
elastic modulus, essentially a fitting parameter, was also
estimated for materials in this configuration under this type
of excitation.

After obtaining the estimated material properties, a sen-
sitivity analysis was performed to select the static compres-
sion, particle radius, and material type for the system, and
polyurethane was selected.

With the selection of polyurethane, the particle radii and
static compression were set to fit the design requirements of
estimated load and desired cutoff frequency. The maximum
load was estimated to be the load due to the static compres-
sion. The static compression load was set to be 10 times the
expected force due to the rigid body acceleration of the
estimated payload under the estimated imposed peak accel-
erations to keep the linearization of the nonlinear equations
of motion valid. This translates into a peak stress in the
polyurethane material which was estimated as the stress due
to the addition of the aforementioned static compression.
The peak stress in the material is calculated as per Johnson
(see Johnson, K. L., "Contact Mechanics". Cambridge, UK,
Cambridge University Press, 1985, pp. 84-104). This should
be kept under the yield stress of the material for survivability
and repeatability of the vibration suppressor. Accordingly,
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the yield stress of the material is the main driver of the static
loading and the particle radii is the main driver of cutoff
frequency.
As a result of preliminary analysis, 11 5 cm diameter

spheres with static loading of 10 kN were selected. For the
actual test prototype, this static loading was divided by 6 as
the expected deployment is in a hexapod (e.g., 6 degree of
freedom hexapod "Stewart" mounting configuration.

The design and construction of the static compression
mechanism for the multiparticle stack provides for flexibility
in the implementation of the vibration suppressor. The input
and output ends of the granular chain should couple with the
excitation source and the sensitive payload, respectively.
The chain also should be free to move within its container
and the container should be decoupled from the excitation
source. Alternative aspects of vibration suppressors accord-
ing to this disclosure may not implement all or any of these
constraints, but the constraints discussed above provide for
the best vibration suppression performance.
An exemplary container was machined from an aluminum

cylinder to provide clearance for a stack of polyurethane
spheres. Enough clearance was provided to accommodate
the spheres' dilated diameter under precompression. Alumi-
num was selected for its strength and high rigidity to ensure
the sphere alignment, and survival through shock testing.
Those skilled in the art understand that other metals or other
materials may be used to construct such a container. Sphere
expansion was tested directly using an Instron MTS machine
in compression to statically measure the applied force and
the resulting displacement. This increase in diameter and a
50% margin was added to the manufacturing diameter
tolerance of the spheres.

Schematic diagrams of the vibration suppressor concept
are shown in FIG. 7, FIG. 8, and FIG. 9. FIG. 7 shows an
exemplary vibration suppressor 900. Note that the dimen-
sions for the vibration suppressor shown in FIG. 7 are for
illustration purposes only. Other vibration suppressors may
have other dimensions according to the disclosure presented
herein. As shown in FIG. 7, a chain 910 of polyurethane
spheres 911 is contained within a cylinder 920 having a
length of 0.559 m and a diameter of 63.5 mm. The poly-
urethane spheres have a diameter of 50.8 mm. Pistons 930
at each end of the cylinder 920 make contact with the
granular chain 910 of spheres 911. Static compression of the
granular chain 910 is achieved through the use of soft
springs 931 located between the pistons 930 and end caps
940 which screw onto the container 920. Compression of the
springs 931 by tightening the end caps 940 allows the
amount of static compression to be adjusted and maintained.
Threaded portions 941 of the end caps 940 engage with
threaded portions 921 of the cylinder 920 to allow the end
caps 940 to be tightened. The threaded ends of the piston
rods 930 extend through Teflon® linear bearings (not shown
in FIG. 7) which are press-fit into the end caps 940. The
static compression may be measured by a static load cell
inserted into the ends of one of the pistons (not shown in
FIG. 7). This combination of simple adjustability and mea-
surement, allows for the possible addition of active control
of the damper structure. If it were desirable to change the
frequency region for which vibrations are transmitted, this
could be done in situ via this method. FIG. 8 shows the end
cap 940 in more detail. Note again that the dimensions
shown in FIG. 8 are for exemplary purposes. In particular,
FIG. 8 shows that the piston 930 may have an enlarged lip
where the piston 930 contacts a sphere 911 in the chain 910.
FIG. 9 shows a parasolid model of the vibration suppressor
900 depicted in FIG. 7.

10
The selection of proper spring stiffness is important for

the functionality of the vibration suppressor. FIG. 10 shows
a state space formulation bode plot of the linearized spring
mass system corresponding to the prototype described

5 above, and a comparison between an 11 particle polyure-
thane chain with fixed boundary conditions connected by
stiff springs, and a large mass casing connected to both
polyurethane boundaries by either soft or stiff springs. In
FIG. 10, line 1101 shows the calculated Bode response for

io free stiff coupling, line 1103 shows the response for free soft
coupling, and line 1105 shows the response for fixed stiff
coupling. FIG. 11A depicts the spring mass model for fixed
boundary conditions. In FIG. 11A, the model consists of
polyurethane spheres 1301, the elastic boundaries 1303

15 between the spheres, and the stiff springs 1305 coupled to
fixed boundaries 1309. In FIG. 11B, the model shows the
stiff springs 1305 coupled to a large mass casing 1307. It can
be seen in the cases with a stiff spring coupling to the
boundaries that an additional resonance appears past the

20 predicted cutoff of the infinite polyurethane granular chain.
In the case of the free casing with stiff springs this reduces
the attenuation of the system, and implies the transmission
of vibration directly through the casing. In the case with a
soft spring coupling to a free casing, this mode is within the

25 pass band of the polyurethane granular chain and maintains
attenuation past the cutoff frequency. Springs for the proto-
type were selected accordingly.
A photograph of the hardware without any attached

payload or test hardware is shown in FIG. 12. The cylinder
30 920 of the vibration suppressor 900 shown in FIG. 12 has

vent holes 923, the purpose of which is explained below.
FIG. 13 shows the mass model payload plate. FIG. 14 is a
schematic drawing of the monomer containment tube 920
also fabricated from aluminum. Note the vent holes 923 in

35 the container sidewall are positioned to align with the
spherical particle contact interfaces. FIG. 15 is a schematic
drawing of the adjustable static compression end caps 940.
The end caps 940 were machined out of stainless steel to
ensure survival of the threads during the application of static

40 compression during testing. FIG. 16 is a drawing of the base
plate for attachment of the prototype to the tunable beam in
JPL's ETL. FIG. 17 is a schematic drawing of the vibration
and payload monomer coupling piston 930, which was
machined from stainless steel. As previously described,

45 these pistons 930 fit through Teflon® linear bearings press-
fit into the end caps 940 and are supported between the
springs coupling to the end cap 940 and casing 920, and the
nonlinear spring of the granular chain 910.
FIG. 18 shows the experimental tunable beam test setup

5o at the JPL ETL. In FIG. 18, the 1.67 kg mass model payload
plate 990 is fastened to a piston 930 with a jam nut 991 at
the top of the suppressor 900 while the bottom of the
suppressor 900 is attached to a vibe plate 995. A heavy duty
insert 997 in the vibe plate 995 is used to prevent the

55 suppressor 900 from pulling out at loads less than 1300 g. A
washer 998 is used at the vibe plate 995 to assist the heal-toe
reaction at the insert 997. The piston 930 was fabricated with
PH steel which allowed maximum bending load in the
lateral direction of 3.5 g, while the thread configuration was

60 chosen to allow maximum tensile compression load in the
axial direction of 1300 g. In FIG. 18, line 971 depicts the
axial load direction, while line 973 depicts the lateral load
direction. A static load cell was embedded in one piston 930
to monitor the amount of static compression applied by

65 tightening the end caps 940.
A suggested deployed configuration for the vibration

damper is in a "Stewart" hexapod configuration. This con-
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cept is shown in FIG. 19, and would provide the combined
benefits of reducing the peak loads and isolating the payload
from vibrations in six degrees of freedom. In this figure, the
vibration suppressors 900 are the 1D vibration damping
struts connected by the silver ball joints 1211, 1221 to a
payload ring 1220 and a spacecraft attachment ring 1210 on
either side. The spacecraft attachment ring 1210 may also be
considered as a supporting base, while the payload ring 1220
may be considered as a payload attachment structure. As
shown in FIG. 19, the six vibration suppressors 900 are
connected in pairs at the payload ring 1220 at each payload
ball joint 1221 and as separate pairs at the spacecraft ring
1210 at each spacecraft ball joint 1211. In the configuration
shown in FIG. 19, the vibration suppressors 900 within each
pair are deployed in a non-parallel configuration. In that
non-parallel configuration, the spacecraft attachment ring
end of one vibration suppressor in each pair is attached
proximate to the spacecraft attachment ring end of one
vibration suppressor in each pair is attached to the spacecraft
The assembled prototype was tested under two experi-

mental and, similarly, applicational conditions. Simulated
transient high amplitude pyroshock events were generated at
the JPL ETL tunable beam and continuous vibration low
amplitude broadband noise at Caltech GALCIT laboratories.
As discussed above, FIG. 18 is a drawing of the tunable

beam test setup and a photo of the assembled test setup is
shown in FIG. 20. Two accelerometers (north and south)
oriented in the axial direction (or Z as shown in FIG. 20)
were mounted to the base plate 995 that axing the proto-
type to the tunable beam, to monitor input accelerations to
the prototype. A tri-axial accelerometer was mounted on the
payload mass plate close to the attachment point between the
piston 930 and the payload plate 990. An additional accel-
erometer was mounted farther out on the mass plate 990
oriented in the axial (or Z) direction. Shock was applied to
the prototype by pneumatically accelerating an aluminum
slug to impact a strike plate mounted to the bottom of the
tunable beam. The beam is tunable and can provide cus-
tomizable frequency content shock events to a test article.
Monitoring the accelerations of the base plate and analyzing
the response in terms of a SRS, the knee frequency of the
beam was selected to be approximately 1 kHz. This trans-
lates to an approximately exponential increase in the SRS
from 0-1 kHz and approximately uniform SRS response
after 1 kHz.

Shocks of progressively increasing amplitude were
applied by increasing the impactor launch pressure from
0.345 MPa to 1.379 MPa, with an array of static loadings.
This test used a set of 6 Belleville springs per side, resulting
in a collective casing coupling stiffness of 728 kN/m. FIGS.
21A-21D show the input and output axial (Z) accelerations
for a 1.379 MPa test with a static compression of 480 N
monitored by the embedded static load cell. In FIG. 21A, the
trace 2301 shows the input accelerations at the north side of
the base plate. In FIG. 21B, the trace 2302 shows the input
accelerations at the south side of the base plate. In FIG. 21C,
the trace 2303 shows the output accelerations at a triaxial
accelerometer mounted on top of the piston. In FIG. 21D,
the trace 2304 shows the output accelerations at an accel-
erometer mounted on the payload plate. FIG. 22 shows the
SRS of those accelerations. In FIG. 22, the line 2401 shows
the interface plate Z axis SRS, the line 2403 shows the mass
plate top Z axis SRS, and the line 2405 shows the triaxial
accelerometer Z axis SRS. The cutoff frequency appears to
occur at approximately 800 Hz, as shown by the ratio of the
input to output SRS acceleration responses shown in FIG.
23. In FIG. 23, the line 2501 shows the input to output SRS

12
ratio for mass plate and the line 2503 shows the input to
output ratio for the triaxial accelerometer. Shock attenuation
by one order of magnitude was expected as a result of the
dispersive effects of the granular chain. Additional damping

5 was observed, contributed synergistically, and potentially
caused by the structural mass of the prototype and dissipa-
tive effects as evidenced by the approximately 90%, or
single order of magnitude, attenuation at frequencies in the
pass band.

10 In order to independently confirm the results from the JPL
ETL tunable beam, testing was conducted in the Caltech
GALCIT laboratories. One end of the assembled prototype
was attached to a steel mounting block. The casing of the
prototype was positioned horizontally on insulating foam on

15 an optical table. The front end cap assembly of the prototype
was removed and low amplitude broadband noise was
applied by an electrodynamic shaker directly to the first
particle in the polyurethane monoatomic granular chain.
Output dynamic force was measured using a dynamic force

20 sensor mounted between the steel block and the attachment
piston. Input dynamic force was measured with a dynamic
force sensor mounted on the front of the shaker stinger in
contact with the first sphere in the polyurethane monomer
granular chain (or other material being tested). For the

25 Caltech testing, static precompression was applied directly
by the shaker internal spring, and measured by a load cell
placed in line with the shaker stinger. This gave more direct
input to the system of the low amplitude broadband noise

Several material configurations were tested within the
30 prototype test setup as described above. As shown in FIG. 24

the output to input dynamic force coherence for tests with
direct input and output sensor contact, 0.0508 m steel
spheres, 0.0508 m polyurethane spheres, and a 0.0508 m
diameter, 0.559 m long continuous polyurethane rod made

35 from the same material as the spheres are compared. In FIG.
24, the trace 2601 shows the force coherence for the
polyurethane spheres, the trace 2603 shows the force coher-
ence for the steel spheres, the trace 2605 shows the force
coherence for the polyurethane rod, and the trace 2607

40 shows the force coherence for direct contact. The direct
contact and the continuous polyurethane rod both have a
constant coherence of approximately 1 throughout the test
frequency region of interest. The 0.0508 m steel spheres
exhibit a drop in coherence close to the estimated cutoff

45 frequency of approximately 2 kHz. The 0.0508 m polyure-
thane spheres exhibit a significant drop in coherence around
800 Hz. Both the steel and polyurethane spheres show peaks
and valleys throughout the pass band region, before the
cutoff, as would be expected by the pattern of resonances in

5o a discrete mass spring system.
Furthermore, the material damping contribution is con-

firmed by Power Spectral Density (PSD) comparison
between the output dynamic forces in the polyurethane
spheres and solid polyurethane rod shaker tests as shown in

55 FIG. 25. In FIG. 25, the trace 2701 shows the PSD for
polyurethane rod and the trace 2703 shows the PSD for the
polyurethane spheres. For the solid polyurethane rod, attenu-
ation is approximately 2 orders of magnitude in PSD which
equates to approximately 1 order of magnitude in the shock

6o response spectrum. The polyurethane spheres similarly
exhibit approximately 4 orders of magnitude in PSD attenu-
ation, corresponding to the 2 orders of magnitude observed
in the SRS for the tunable beam tests at JPL's ETL previ-
ously described.

65 Many of the materials and dimensions selected for the
prototype described herein were for a developmental test
scenario. Other devices may have the sizes and dimension
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reduced from those described herein. Still other devices may
use sizes, dimension, and/or materials optimized for the
most appropriate weight, strength and other relevant prop-
erties for the application scenario. Different material sizes,
static compression, and periodicity from the prototype may
be used to achieve different band structures while using
design disclosed herein. Also, in operational scenarios with
high dynamic loadings, many of the disclosed vibration
suppressors could be used in parallel, while maintaining the
same frequency response and transfer function characteris-
tics, providing reduced peak loads and potentially also
reducing system size.

The invention disclosed herein addresses uses in aero-
space applications in multiple operational scenarios. How-
ever, other embodiments according to this invention may be
used in other applications, in particular, in applications
where one part of a system must be isolated from another
part of a system causing vibration or transient shock events.
Those skilled in the art understand that embodiments
according to the disclosed invention may find application,
for example, in the automotive and defense industries, as a
new type of shock absorber and/or armor for vehicles and
structures.

Disclosed herein is the design, development, fabrication,
and testing of a prototype shock and vibration protection
system that leverages dispersive acoustic band gaps. A cutoff
frequency of kHz was demonstrated with significantly more
than 99% attenuation past the cutoff. The prototype reveals
a synergistic band gap/damping effect when packaging
granular chains for shock and vibration protection in the
method demonstrated. The prototype is configured as to be
deployable in a hexapod configuration for system or payload
protection.
The foregoing Detailed Description of exemplary and

preferred embodiments is presented for purposes of illus-
tration and disclosure in accordance with the requirements
of the law. It is not intended to be exhaustive nor to limit the
invention to the precise form or forms described, but only to
enable others skilled in the art to understand how the
invention may be suited for a particular use or implemen-
tation. The possibility of modifications and variations will be
apparent to practitioners skilled in the art. No limitation is
intended by the description of exemplary embodiments
which may have included tolerances, feature dimensions,
specific operating conditions, engineering specifications, or
the like, and which may vary between implementations or
with changes to the state of the art, and no limitation should
be implied therefrom. This disclosure has been made with
respect to the current state of the art, but also contemplates
advancements and that adaptations in the future may take
into consideration of those advancements, namely in accor-
dance with the then current state of the art.

It is intended that the scope of the invention be defined by
the Claims as written and equivalents as applicable. Refer-
ence to a claim element in the singular is not intended to
mean "one and only one" unless explicitly so stated. More-
over, no element, component, nor method or process step in
this disclosure is intended to be dedicated to the public
regardless of whether the element, component, or step is
explicitly recited in the Claims. No claim element herein is
to be construed under the provisions of 35 U.S.C. Sec. 112,
sixth paragraph, unless the element is expressly recited
using the phrase "means for ... " and no method or process
step herein is to be construed under those provisions unless
the step, or steps, are expressly recited using the phrase
"comprising step(s) for ... "

14
A number of embodiments of the disclosure have been

described. Nevertheless, it will be understood that various
modifications may be made without departing from the spirit
and scope of the present disclosure. Accordingly, other

5 embodiments are within the scope of the following claims.

What is claimed is:
1. A vibration suppressor for suppressing vibrations

10 
between a payload and a vibration source, wherein the
vibration suppressor comprises:

a holder comprising a cylinder containing a continuous
chain of granular particles,

wherein the chain has a first chain particle located at a first
15 end of the chain and a last chain particle located at

another end of the chain, and
wherein the granular particles comprise elastic spheres

and the cylinder has a diameter larger than a dilated
diameter of each sphere under static compression;

20 a first piston having a first piston proximal end and a first
piston distal end, wherein the first piston proximal end
contacts the first chain particle and wherein the first
piston distal end is configured to couple to the payload;
and

25 a second piston having a second piston proximal end and
a second piston distal end, wherein the second piston
proximal end contacts the last chain particle and
wherein the second piston distal end is configured to
couple to the vibration source, and

30 wherein the first piston and second piston are movable
longitudinally along the holder in order to apply and
adjust the static compression to the continuous chain of
granular particles, and

wherein a particle radius and material type of the granular
35 particles and the static compression are based on a

cutoff frequency for vibration suppression.
2. The vibration suppressor according to claim 1, wherein

the cylinder has a first cylinder end located proximate the
first chain particle and a second cylinder end located proxi-

40 mate the last chain particle.
3. The vibration suppressor according to claim 2, further

comprising
a first end cap engaging the first cylinder end, wherein a

portion of the first piston extends through the first end
45 cap and the first piston distal end is located outside of

the cylinder, and
a second end cap engaging the second cylinder end,

wherein a portion of the second piston extends through
the second end cap and the second piston distal end is

50 located outside of the cylinder.
4. The vibration suppressor according to claim 3, further

comprising one of the following three spring configurations:
a first spring configuration comprising a first piston spring

located between the first end cap and the first piston
55 proximal end and a second piston spring located

between the second end cap and the second piston
proximal end;

a second spring configuration comprising a first piston
spring located between the first end cap and the first

60 piston proximal end; and
a third spring configuration comprising a second piston

spring located between the second end cap and the
second piston proximal end,
wherein compression of the spring configuration alters

65 a longitudinal position of at least one of the first
piston and the second piston to adjust the static
compression.
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5. The vibration suppressor according to claim 4, wherein

the compression of the spring configuration is achieved by
one of the following three end cap configurations:

a first end cap configuration, wherein the first end cap has
threads and the first cylinder end has complementary
threads and the first end cap adjustably threads onto the
first cylinder end to adjust the static compression
applied to the chain of granular particles;

a second end cap configuration, wherein the second end
cap has threads and the second cylinder end has
complementary threads and the second end cap adjust-
ably threads onto the second cylinder end to adjust the
static compression applied to the chain of granular
particles; and,

a third end cap configuration, wherein the first end cap has
threads and the first cylinder end has threads comple-
mentary to the first end cap threads and the first end cap
adjustably threads onto the first cylinder end to adjust
the static compression applied to the chain of granular
particles and wherein the second end cap has threads
and the second cylinder end has threads complementary
to the second end cap threads and the second end cap
adjustably threads onto the second cylinder end to
adjust the static compression applied to the chain of
granular particles.

6. The vibration suppressor according to claim 1, wherein
the elastic spheres comprise polyurethane spheres.

7. The vibration suppressor according to claim 1, wherein
the cylinder comprises one or more vent holes extending
through a wall of the cylinder from a cylinder exterior to a
cylinder interior.

8. A vibration suppression system comprising:
a supporting base;
a payload attachment structure;
a plurality of vibration suppressors coupling the support-

ing base to the payload attachment structure, wherein at
least one of the vibration suppressors comprises a
tunable vibration suppressor comprising:

a holder comprising a cylinder containing a continuous
chain of granular particles,
wherein the chain has a first chain particle located at a

first end of the chain and a last chain particle located
at another end of the chain, and

wherein the granular particles comprise elastic spheres
and the cylinder has a diameter larger than a dilated
diameter of each sphere under static compression;

a first piston having a first piston proximal end and a first
piston distal end, wherein the first piston proximal end

16
contacts the first chain particle and wherein the first
piston distal end is configured to couple to the payload
attachment structure; and

a second piston having a second piston proximal end and
5 a second piston distal end, wherein the second piston

proximal end contacts the last chain particle and
wherein the second piston distal end is configured to
couple to the supporting base, and

wherein the first piston and second piston are movable

to longitudinally along the holder in order to apply and
adjust the static compression to the continuous chain of
granular particles, and

wherein a particle radius and material type of the granular
particles and the static compression are based on a
cutoff frequency for vibration suppression.

15 9. The vibration suppression system according to claim 8,
wherein the plurality of vibration suppressors comprises a
total of three pairs of tunable vibration suppressors and
wherein each pair of tunable vibration suppressors com-
prises two tunable vibration suppressors that are positioned

20 non-parallel with each other.
10. The vibration suppression system according to claim

9, wherein the first piston distal end of a first tunable
vibration suppressor of a first pair of tunable vibration
suppressors couples to the payload attachment structure

25 proximate to the first piston distal end of a second tunable
vibration suppressor of the first pair of tunable vibration
suppressors and wherein the second piston distal end of the
first tunable vibration suppressor of the first pair of tunable
vibration suppressors couples to the supporting base proxi-

30 mate to the second piston distal end of a tunable vibration
suppressor of a second pair of vibration suppressors and
wherein the second piston distal end of the second tunable
vibration suppressor of the first pair of tunable vibration
suppressors couples to the supporting base proximate to the

35 second piston distal end of a tunable vibration suppressor of
a third pair of vibration suppressors.

11. The vibration suppression system according to claim
10, further comprising one or more ball joints wherein at
least one ball joint couples one of the piston distal ends of

40 the tunable vibration suppressors to the supporting base or
spacecraft attachment structure.
12. The vibration suppression system according to claim

8, wherein the supporting base or the payload attachment
structure has a ring shape.

45 13. The vibration suppressor of claim 1, wherein the
vibration suppression comprises dispersive suppression.
14. The system of claim 8, wherein the vibration suppres-

sion comprises dispersive suppression.
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